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Presynaptic Regulation of Neurotransmission
in Drosophila by the G Protein-Coupled
Receptor Methuselah
nisms (Bear, 1996; Marder et al., 1996). Thus, a complex
ensemble of regulatory mechanisms orchestrates a deli-
cate balance between intrinsic properties of neurons
and synaptic input.
Activation of heptahelical G protein-coupled recep-
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to the intracellular environment (Hamm, 1998; Neer,Philadelphia, Pennsylvania 19104
2 Division of Biology 1995). GPCRs can modulate synaptic strength by pre-
and postsynaptic mechanisms that either facilitate orCalifornia Institute of Technology 156-29
Pasadena, California 91125 inhibit synaptic transmission (Hille, 1994; Miller, 1998;
Wu and Saggau, 1997). A major presynaptic target of3 Department of Physiology
University of Toronto GPCR signaling is depolarization-dependent Ca2 entry,
in particular changes in the activity of presynaptic Ca2Toronto, Ontario M5S 1A8
Canada and K channels (Miller, 1998; Wu and Saggau, 1997).
In addition, GPCR signaling might regulate mechanisms4 Division of Neurobiology
Arizona Research Laboratories of exocytosis downstream of Ca2 entry, including vesi-
cle fusion and the size of vesicle pools (Blackmer et al.,University of Arizona
Tucson, Arizona 85721 2001; Gillis et al., 1996; Isaacson and Hille, 1997; Stevens
and Sullivan, 1998; Takahashi et al., 2000). However,
the molecular mechanisms underlying GPCR-mediated
modulation of neuroexocytosis still remain largely unde-Summary
termined.
A genetic screen for mutations affecting aging in Dro-Regulation of synaptic strength is essential for neu-
sophila identified the methuselah (mth) gene, whoseronal information processing, but the molecular mech-
loss-of-function mutations increase average life spananisms that control changes in neuroexocytosis are
by 35% and enhance stress resistance (Lin et al.,only partially known. Here we show that the putative
1998). The predicted protein contains a heptahelicalG protein-coupled receptor Methuselah (Mth) is required
transmembrane domain reminiscent of GPCRs and isin the presynaptic motor neuron to acutely upregulate
closely related to 10 “Mth-like receptors” that constituteneurotransmitter exocytosis at larval Drosophila NMJs.
a subgroup within the “Secretin-like receptor family”Mutations in the mth gene reduce evoked neurotrans-
of the GPCR superfamily (Lin et al., 1998; Brody andmitter release by 50%, and decrease synaptic area
Cravchik, 2000). Also related to Mth is the Ca2-indepen-and the density of docked and clustered vesicles. Pre-
dent receptor for -latrotoxin (CIRL), which appears tobut not postsynaptic expression of normal Mth re-
regulate neurotransmitter exocytosis (Bittner et al.,stored normal release in mth mutants. Conditional ex-
1998). These sequence similarities suggest that Mthpression of Mth restored normal release and normal
might act as a GPCR targeting synaptic transmission,vesicle docking and clustering but not the reduced
but neither the ligand, the presumed G protein target,size of synaptic sites, suggesting that Mth acutely ad-
nor the cellular function of Mth are known.justs vesicle trafficking to synaptic sites.
Here we provide evidence that the heptahelical pro-
tein encoded by the mth gene controls synaptic efficacyIntroduction
at glutamatergic neuromuscular junctions (NMJs) of
Drosophila. We examined the synaptic physiology andThe nervous system is composed of complex neural
morphology of genetically manipulated NMJs in larvaecircuits comprising a vast array of synaptic connections.
exhibiting decreased or increased levels of Mth protein.Neither synaptic structure nor efficacy are static but are
Decreasing Mth function reduced evoked neurotrans-rearranged and precisely regulated as neuronal circuitry
mitter release by 50% without affecting postsynapticis refined throughout life (Katz and Shatz, 1996). At cen-
mechanisms. Presynaptic but not postsynaptic expres-tral synapses, plastic mechanisms that control neuronal
sion of Mth restored normal release in mth mutants andfunction through the regulation of synaptic efficacy are
increased release in wild-type. Decreasing Mth functionwell known as hippocampal and cortical synapses can
reduced Ca2 ionophore-induced release but did notexpress both long-term potentiation and long-term de-
impair presynaptic Ca2 entry, as indicated by Fluo-4pression (Bear, 1996). As individual synapses alter their
Ca2 imaging. Ultrastructural reconstruction of Mth-strength in response to changes in activity, a balance
deficient synapses revealed a50% reduction in synap-between the expression of one form of plasticity versus
tic area (active zone) and a lower density of docked andthe other is achieved by additional homeostatic mecha-
clustered vesicles. Heat shock-induced expression of
Mth restored normal release and vesicle docking/clus-5 Correspondence: kez@neurobio.arizona.edu
tering in mth mutants but not synaptic size. Further6 These authors contributed equally to this work.
studies showed that phorbol ester-induced facilitation7 Present address: Division of Neuroscience, Children’s Hospital,
300 Longwood Avenue, Boston, Massachusetts 02115. of evoked release, which at larval Drosophila NMJs is
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Evoked Neurotransmitter Release at mth Mutant
NMJs Is Reduced by Half
To elucidate a potential synaptic function of Mth, we
examined the synaptic physiology of larval NMJs in mth
mutants and controls by whole-cell recordings of
evoked excitatory junctional potentials (EJPs) and spon-
taneous excitatory junctional potentials (mEJPs). EJPs
were evoked by stimulating the cut nerve at 0.2 Hz and
were the combined responses of two glutamatergic ax-
ons innervating muscle 6 (Kurdyak et al., 1994). Evoked
EJPs were reduced to 63%  6% of control at homozy-
gous mth1 NMJs (p  0.0001, Figures 2A–2B) and to
54%  7% at trans-heterozygous mth1/6 NMJs (p 
0.001). The decrease in EJP amplitude in both mutants
was not due to an abnormal input resistance or resting
potential of the postsynaptic muscle, the latter deviating
by no more than 5 mV from control. However, EJPs
from homozygous mthR3 NMJs were indistinguishable
to control (p  0.1), indicating that the precise excision
mthR3 not only reverts the increased life span phenotype
of adult mth1 mutants, but also the defect in synaptic
transmission at larval NMJs.
To test whether a failure of action potentials to fully
invade the nerve terminal might have decreased synap-
tic transmission in mth mutants, we electrotonically elic-
ited release in the absence of Na channel-mediated
action potentials. Electrotonic stimulation in the pres-
ence of the Na channel inhibitor Tetrodotoxin (TTX) is
Figure 1. Genomic Structure and Mutational Analysis of the Dro- possible by positioning the stimulating electrode close
sophila methuselah Gene to the nerve terminal and using stimuli of increasing
(A) Structure of the mth gene locus. Gray boxes represent exons; intensity (Yuan and Ganetzky, 1999). At a normal stimula-
solid lines introns. Exons 3 through 5 (E3–E5) are enlarged for details.
tion intensity of 2.5-fold over threshold, application ofThe P element insertion mth1 is indicated by an open triangle. The
1 M TTX abolished nerve-evoked EJPs, both in controlregion confined by a pair of brackets indicates the mth6 deletion.
and homozygous mth1 mutants (Figure 2A, middleArrows below exons 3 and 5 indicate location of PCR primers used
for determining deletion breakpoints. panel). Subsequent stimulation with intensities 40-fold
(B) Northern analysis of adult mth mRNA expression. Upper panel: over threshold elicited saturated EJPs in control and
a single, mth-specific mRNA transcript is detected in adult control mth1 (Figure 2A, right panel). However, the electrotonic
(w1118) but not in homozygous mth1 mutants. Blot was exposed for EJPs recorded from mth1 were reduced to 48%  4%
4 days. Lower panel: loading control showing tubulin mRNA expres-
of control (p 0.05; Figure 2B), indicating that a failure ofsion. After stripping, same blot as shown above was hybridized with
action potential invasion is not responsible for reducedtubulin cDNA and exposed for 1 day. A total of 3 g poly(A) RNA
transmission.was loaded per lane.
The decrease of synaptic transmission in mth mutants
was also not caused by a postsynaptic defect, since
independent of protein kinase C, was impaired in mth quantal events (mEJPs) were normal (Figures 2C–2E).
mutants. The mean amplitude, the cumulative amplitude distribu-
tion, and the frequency of unitary mEJPs in mth mutant
Results larvae showed no significant differences from control
(p  0.05). The normal mEJP amplitudes indicate that
The homozygous P element insertion mth1 had been the postsynaptic sensitivity to neurotransmitter and the
previously shown to extend life span and to enhance neurotransmitter content of synaptic vesicles are not
stress resistance (Lin et al., 1998). The P element is altered in mth mutants. The normal postsynaptic neuro-
inserted into the 2nd intron of the mth gene (Figure 1A), transmitter reception together with abnormal ampli-
reducing RNA expression below levels detectable on tudes of electrotonically stimulated EJPs pointed to a
Northern blots (Figure 1B). As reported earlier, excision defect intrinsic to the evoked release process.
of the mth1 P element created the precise excision allele To better quantify the reduction of neurotransmitter
mthR3 and the deletion allele mth6. The mthR3 allele re- release at mth mutant NMJs, we determined the number
verts the life span and stress phenotypes observed in of quanta released for a given stimulus (del Castillo and
mth1 while mth6 is homozygous lethal and fails to com- Katz, 1954). Quantal content is defined by the ratio of
plement both mth1 phenotypes (Lin et al., 1998). Se- EJP/mEJP amplitudes, after correcting for nonlinear
quencing of mth6 deletion breakpoints revealed that summation using a reversal potential of 0 mV (Chang et
exons 3 and 4 are partially deleted (Figure 1A), truncating al., 1994; Jan and Jan, 1976; Martin, 1955). The quantal
the protein such that it lacks the heptahelical transmem- content of evoked release at mth1 mutant NMJs was
brane domain, which is essential for G protein coupling equally reduced for all examined [Ca2]es (Figure 2F).
For example, at 1 mM [Ca2]e, the quantal content wasand signaling (Hamm, 1998; Ji et al., 1998; Neer, 1995).
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Figure 2. Evoked Neurotransmitter Release Is Reduced at mth Mutant NMJs
(A–F) EJPs and mEJPs were recorded from control (w1118) and mth mutant NMJs of muscle 6 in the presence of 1 mM [Ca2]e. The number of
examined larvae is indicated in brackets for each genotype. Significant differences are indicated by asterisks (*) representing p values  0.05
of a Student’s t test. Error bars indicate SEM.
(A) Evoked EJPs were elicited at 0.2 Hz with a stimulus intensity 2.5-fold over threshold and recorded from control and homozygous mth1
NMJs (Evoked). Application of 1 M TTX abolished EJPs elicited by standard stimulation intensities in control and mth1 (Evoked, TTX). A
stimulation intensity 40 times threshold allowed electronic stimulation of saturated EJPs in control and mth1 (Electrotonic, TTX).
(B) Average amplitudes of “Evoked” and “Electrotonic” EJPs as recorded in (A) for the indicated genotypes.
(C) Average mEJP amplitudes, (D) mEJP frequencies, and (E) cumulative probability of mEJP amplitudes (3000 events) showed no differences
between the indicated genotypes (p  0.05).
(F) [Ca2]e-quantal content relationship for control and mth1 mutant larvae. Compared to control, the quantal content of homozygous mth1
NMJs was significantly reduced for each examined [Ca2]e (p  0.05; n  4).
reduced to 47%  7% of control in mth1 (p  0.001) recorded extracellular EJPs from individual type 1B bou-
tons by using the macro-patch technique (Stewart etand to 41%  8% in mth1/6 (p  2 	 10
4), but was
normal in mthR3 (p  0.5). The [Ca2]e-quantal content al., 1994; Wong et al., 1999). Consistent with whole-cell
recordings, saturated extracellular EJPs recorded fromrelationship was linear on a logarithmic plot between
[Ca2]es of 0.15 and 0.3 mM (not shown) and showed a single mth1 mutant boutons were significantly reduced
to 27%  5% of control EJPs (p  0.01; Figures 3C andsimilar slope in both control and mth1 mutants (2.9 and
2.6, respectively). Since the slope of the [Ca2]e-quantal 3D), suggesting that a defect intrinsic to the presynaptic
release machinery affects mth mutant release. Thecontent relationship estimates the Ca2 cooperativity
of quantal release (Dodge and Rahamimoff, 1967), it is larger reduction of extracellular EJPs could be due to
variation in release among sampled boutons or to differ-unlikely that this mechanism is affected at mth mutant
NMJs. ential effects of the mutation on the two types of boutons
and/or axons innervating this NMJ (Atwood et al., 1993;To examine kinetics of release and to exclude effects
of muscle resting potentials on EJP amplitudes, we re- Kurdyak et al., 1994). The normal gross morphology of
mth1 NMJs (see below) excludes the possibility that thecorded evoked excitatory junctional currents (EJCs) by
two-electrode voltage-clamp whole-cell recordings. smaller whole-cell EJPs and EJCs were caused by fewer
boutons.Evoked EJCs recorded from homozygous mth1 NMJs
were significantly reduced to 49%  5% of control am-
plitudes (p  5 	 10
7, Figures 3A and 3B), which is Mth Is Acutely Required for Normal
Neurotransmitter Releaseconsistent with the reduction in EJP amplitudes. The
time constants for the rise and decay of mth mutant EJC Abnormal release of neurotransmitter might be caused
by either a physiological or a developmental defect.waveforms were normal (not shown). To test whether
the abnormal whole-cell EJPs and EJCs are due to a However, immunostainings of the embryonic nervous
system using antibodies against the neural protein Fas-presynaptic defect at the level of a single bouton or to
a reduced number of synaptic boutons per NMJ, we ciclin II revealed no gross abnormalities in homozygous
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Figure 3. Evoked EJC and Extracellular EJP
Amplitudes Are Reduced at mth Mutant
NMJs
(A and B) Two-electrode whole-cell voltage-
clamp traces of EJCs (A) and average ampli-
tudes (B) from homozygous mth1 and control
(w1118). EJCs were elicited at 0.2 Hz in 1 mM
[Ca2]e. Holding potential was 
80 mV. For
quantification, EJC amplitudes were normal-
ized for muscle size by dividing EJC ampli-
tude by the cell capacitance. Mean EJC am-
plitudes were averaged from 20 trials for n
larvae as indicated in brackets. Significant
differences are indicated by asterisks (*, p 
5 	 10
7). Error bars indicate SEM.
(C and D) Extracellular EJP traces (C) and
average amplitudes (D) from single type 1B
boutons of control and mth1 mutant larval
NMJs as recorded by the macro-patch tech-
nique. Significant differences are indicated
by asterisks (*, p  0.01). Error bars indicate
SEM.
mth1 and mth6 mutant embryos (Figure 4A). Similar re- normal evoked release. In addition, the conditional res-
cue confirms that the abnormal transmission in mth mu-sults were observed with a large panel of markers (not
shown), including antibodies against the neural proteins tants is exclusively due to mutations in the mth gene.
Futsch/22C10, 21A6 and Even-skipped, and the synap-
tic proteins syntaxin and cysteine-string protein (Doe et
al., 1988; Hummel et al., 2000; Miller and Benzer, 1983; Normal Neurotransmitter Release at Larval NMJs
Requires Mth in the Presynaptic Motor NeuronZinsmaier et al., 1990; Zipursky et al., 1984). In addition,
immunostainings of mth1 larval NMJs with -HRP anti- To determine the protein expression pattern of the mth
gene, we repeatedly isolated poly- and/or monoclonalbodies revealed a normal gross morphology of NMJs,
including a normal number of synaptic boutons and a antibodies against Mth, but none of these was useful
for tissue immunostainings. To alternatively determinenormal NMJ/muscle length ratio (Figures 4B–4D). Thus,
mth mutations are unlikely to affect gross embryonic Mth’s synaptic location and site of action, we selectively
expressed normal Mth protein in a mth mutant back-development or gross neuromuscular synaptogenesis.
To detect more subtle defects in early synaptogene- ground either in the presynaptic motor neuron or in the
postsynaptic muscle, and asked which cellular expres-sis, we conditionally expressed normal Mth protein in
mth1/6 mutant larvae after embryonic synaptogenesis sion might restore normal transmission. A [UAS-Mth]
transgene was expressed presynaptically by using thewas completed by using the UAS-Gal4 system (Brand
and Perrimon, 1993). Mth expression was facilitated by motor neuron-specific D42 promoter while the muscle-
specific 24B promoter was used to drive postsynapticcombining a [UAS-Mth] transgene with a transgene con-
taining a heat-inducible hsp70 promoter [hsp70-Gal4] expression (Davis and Goodman, 1998; Parkes et al.,
1998). Postsynaptic expression of Mth in trans-hetero-that ubiquitously drives Gal4 expression at elevated
temperatures. Animals were raised at 18C to suppress zygous mth1/6 mutant larvae had no effect on mutant
EJP amplitudes (Figures 5C and 5D, p  0.7), or onMth expression by the hsp70 promoter during develop-
ment. In the absence of a heat shock, EJP amplitudes in mEJP amplitudes and frequency (not shown). In con-
trast, presynaptic expression of Mth in mth1/6 mutantmth1/6 mutants containing both transgenes were slightly
but significantly increased compared to mth1/6 mutants increased EJP amplitudes from 60% to 98%  7% of
control while mEJP amplitudes and mEJP frequencythat lacked the transgenes (p  0.008; Figures 5A and
5B). However, this increase did not restore transmission were not affected (not shown). The presynaptic expres-
sion restored evoked release at mth mutant NMJs, sinceto normal, as EJPs in the absence of a heat shock were
significantly different from controls (p  1 	 10
5). In the resulting EJP amplitudes were significantly different
from mutant controls (p 6	 10
5) but indistinguishablecontrast, 1 hr after heat shock, EJP amplitudes were
increased to 96% 4% of control and statistically indis- from controls (p  0.3). Similar results were obtained
with two independent [UAS-Mth] transgenes. Conse-tinguishable (p  0.4), indicating that normal synaptic
transmission had been restored in mth mutants. Thus, quently, the defect in evoked release at mth mutant
NMJs must be due to a loss of endogenous Mth proteinMth is acutely (within 60–120 min) required to maintain
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tein at larval NMJs, which was expressed with the motor
neuron-specific D42 promoter. Consistent with a pre-
synaptic membrane localization of Mth, GFP-tagged
Mth protein but not GFP alone was colocalized with a
neuronal membrane marker in the plasma membrane of
presynaptic terminals and innervating axons (Figure 5F).
Depolarization-Dependent Presynaptic Ca2
Levels Are Normal in mth Mutants but Ca2
Ionophore-Induced Release Is Impaired
Evoked release is mediated by coupling depolarization-
dependent Ca2 entry and neurotransmitter exocytosis.
Having established that presynaptic Mth regulates
evoked release, we tested whether a defect of presynap-
tic Ca2 entry might reduce release in mth mutants.
Since presynaptic Ca2 currents have not yet been suc-
cessfully recorded from glutamatergic boutons of Dro-
sophila NMJs, we used the Ca2 indicator Fluo-4 to
determine relative levels of intraterminal Ca2 before,
during, and after short trains of repetitive stimulation.
Both control and homozygous mth1 boutons showed
robust increases in presynaptic Ca2 signals during re-
petitive stimulation, reaching a maximum within 1–2 s
of stimulation (fluorescence increased by approximately
131% 20%), after which a plateau was sustained (Fig-
ures 6A and 6B). At the end of the stimulation, Ca2
signals declined to resting level in about 1 s. During
stimulation, control and mth1 mutant boutons showed
a similar increase in Fluo-4 fluorescence intensity, indi-
cating that depolarization-dependent Ca2 entry and/or
Ca2 extrusion are normal in mth1. Consequently, it is
unlikely that a significant defect of Ca2 entry and/or
Ca2 extrusion might limit release in mth mutants.
The absence of a significant defect in Ca2 entry in
mth mutants pointed toward a possible defect in the
Ca2 sensor, vesicle fusion and/or a step of vesicle traf-
ficking, limiting the supply of releasable vesicles. To
further test this idea, we examined Ca2 ionophore-
induced release. Ca2 ionophores elevate cytosolic Ca2
and trigger neurotransmitter release while bypassing
voltage-gated Ca2 channels (Verhage et al., 1991; von
Gersdorff and Matthews, 1994), thereby providing a tool
to separate defects in Ca2 entry from those of Ca2
action. In the absence of external Ca2, application of
the Ca2 ionophore calcimycin (50 M) had no effect onFigure 4. Normal Gross Morphology of the Embryonic Nervous Sys-
the basal frequency of mEJPs, nor did it after preincuba-tem and Larval NMJs in mth
tion with 10 M of the fast Ca2 chelator BAPTA AM(A) Anti-fasciclin II immunostaining of the nervous system in homo-
(data not shown, see Ranjan et al., 1998). In the presencezygous mth mutant and control (w1118) embryos 18–24 hr after egg
laying. No differences were detected in gross nervous system mor- of external Ca2, application of calcimycin significantly
phology between control, homozygous mth1, mth6, and mthR3 em- increased the basal frequency of mEJPs in control by
bryos. a factor of 6.4, but in mth1 the increase was only 2.8-
(B) Anti-HRP immunostaining of control (w1118) and homozygous mth1
fold (Figure 6C). Thus, calcimycin-induced release inlarval NMJs 6/7.
mth1 was significantly reduced to 46%  6% of control(C) No difference was observed in the average number of HRP-
levels (p  1.6 	 10
3), consistent with an abnormalstained synaptic boutons at NMJs of muscles 6/7 or (D) in the
average NMJ/Muscle length ratio (both p  0.7; n  8). Error bars exocytotic step but normal Ca2 entry.
indicate SEM. We also examined the effects of latrotoxins, which
induce a massive release of transmitter at nerve termi-
nals (Davletov et al., 1998; Finkelstein et al., 1976). In
the presence of 1 mM [Ca2]e, 20 nM latroinsectotoxinactivity in the presynaptic motor neuron, but not in post-
synaptic muscle and/or glia. induced an 7-fold increase in the frequency of mEJPs
in homozygous mth1, which was indistinguishable fromTo strengthen the idea that Mth protein might be local-
ized in the membrane of presynaptic terminals, we ex- controls (Figure 6D). Similar results were obtained in the
absence of [Ca2]e (not shown). Remarkably, mutationsamined the cellular localization of GFP-tagged Mth pro-
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Figure 5. Presynaptic and Conditional but Not Postsynaptic Expression of Mth Restores Normal Evoked Release at mth Mutant NMJs
(A–D) Nerves were stimulated at 0.2 Hz and EJPs were recorded at a [Ca2]e of 1 mM at 22C. Average represents 15 responses from n larvae
as indicated in brackets for each genotype. Significant differences are indicated by asterisks (*) representing p  0.05. Error bars indicate
SEM. (A and B) Typical EJP traces (A) and average EJP amplitudes (B) recorded from [hsp70-Mth]; mth1/6 larval NMJs in the absence (
hs)
or 60 min after a 60 min long heat shock (hs) at 35C. Mth was expressed via one copy of a [hsp70-Gal4] and a [UAS-Mth] transgene
(abbreviated [hsp70-Mth]). Larvae were raised at 18C to suppress Mth expression during development. (C and D) Typical EJP traces (C)
and average EJP amplitudes (D) from NMJs of control (w1118), transheterozygous mth1/6, and mth1/6 mutants expressing normal Mth protein
postsynaptically ([24B-Mth]; mth1/6) or presynaptically ([D42-Mth]; mth1/6). Similar results were obtained with an independent [UAS-Mth] trans-
gene. [
Mth] indicates the presence of only an inactive [UAS-Mth] transgene and [D42
] indicates the presence of only an inactive [D42-
Gal4] promoter transgene.(F) GFP-tagged Mth protein (Mth-GFP) but not GFP protein (GFP) colocalizes with a neuronal membrane marker at
larval NMJs. Upper row: anti-HRP immunostaining of larval NMJ expressing Mth-GFP (left panel) or cytoplasmic GFP (right panel). Middle
row: GFP fluorescence. Lower row: overlay of HRP staining and GFP fluorescence.
in mouse UNC-13, a presynaptic DAG binding protein, and/or latroinsectotoxin activate a pathway that triggers
exocytosis in parallel with or downstream from the Ca2cause a similar defect, reducing Ca2 ionophore- but
not latrotoxin-induced release (Augustin et al., 1999). sensor, and which is independent or downstream from
Mth function.The simplest explanation for these findings is that latro-
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Figure 6. Normal Ca2 Entry and Reduced Calcimycin-Induced Neurotransmitter Release in mth Mutant NMJs
(A) Representative images showing synaptic boutons of larval NMJs located at muscle 6/7 loaded with the Ca2 indicator Fluo-4 AM at 22C
before and after stimulation in w1118 control (a and b) and homozygous mth1 (c and d). Scale bar represents 10 m.
(B) Relative changes in intraterminal Ca2 in type 1B boutons of both control and homozygous mth1 during stimulation at 5 Hz for 5 s (horizontal
bar). Symbols indicate mean  SEM values. Significant differences were not observed (p  1.25, n  5).(C) At a [Ca2]e of 2 mM, mEJPs were
continuously recorded from muscle 6 of control (w1118) and homozygous mth1 larvae before and after application of 50 M calcimycin. Significant
differences are indicated by asterisks (*) representing p  1.6 	 10
3 (n  5). Error bars indicate SEM. (D) At a [Ca2]e of 1 mM, mEJPs were
continuously recorded from muscle 6 of control (w1118) and homozygous mth1 larvae before and after application of 20 nM - and -latroinsecto-
toxin. Significant differences were not observed (p  0.05, n  3). Error bars indicate SEM.
Reduced Vesicle Docking and/or Clustering sity of their associated vesicle populations were abnor-
mal in mth1 mutant boutons (Figure 7). Specifically, meanLimits Release at mth Mutant NMJs
To determine whether a possible defect of vesicle traf- synaptic area was reduced to 55% 7% of control (p
0.03, Figure 7B). In addition, even after normalizing theficking limits release in mth mutants, we reconstructed
identified synapses including their active sites and asso- data to account for the reduced synaptic area and vol-
ume, the density of synaptic vesicles within 0–500 nmciated synaptic vesicles by using serial sections through
type 1B boutons of larval NMJs (Atwood et al., 1993). from the plasma membrane of a synaptic site was re-
duced 69%  7% of control (p  0.02; Figure 7C). InSynapses were defined as the closely opposed and uni-
formly separated electron-dense pre- and postsynaptic particular, the density of docked vesicles, which we
defined as those vesicles in direct contact with the pre-membranes; active zones were defined as electron-
dense presynaptic T bars with closely associated (often synaptic plasma membrane within a synaptic area (0
nm), was reduced to 63% 6% of control (p 1	 10
4).“tethered”) synaptic vesicles (Atwood et al., 1993; At-
wood and Wojtowicz, 1999; Jia et al., 1993; Koenig and The density of vesicles clustered around a synaptic site
was also reduced, albeit to a lesser degree than theYamaoka, 1993). To calculate the size of each synaptic
area from serial sections, we summed the width of the density of docked vesicles. Specifically, the density of
vesicles within a distance of 0–50 nm and 50–300 nmelectron-dense membrane times the section thickness
over all serial sections (length), for each individual from a synaptic area was reduced to 76%  6% (p 
0.005) and to 68%  7% of control (p  0.005), respec-synapse.
We found that the size of synaptic areas and the den- tively. However, the density of vesicles located further
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Figure 7. The Density of Docked and Clustered Synaptic Vesicles Is Reduced in mth Mutant NMJs
(A) Typical electron micrographs showing synaptic vesicles associated with synaptic areas (putative active zones, arrow) in type 1B boutons
of control (w1118) and homozygous mth1 NMJs. (B) Quantification of synaptic area in type 1B boutons of control (w1118), homozygous mth1
mutants, and mth1 mutants expressing normal Mth protein 60 min after heat shock induction (hs-Mth, mth1). Synaptic area is defined as the
area of the electron-dense presynaptic membrane calculated from serial sections (width times section thickness summed over all sections for
each individual synapse). Significant differences are shown with asterisks (*), representing p 0.05. Error bars indicate SEM. (C) Quantification of
synaptic vesicle density at synaptic sites in type 1B boutons of control (w1118), homozygous mth1 mutants, and mth1 mutants expressing normal
Mth protein 60 min after heat shock induction (hs-Mth, mth1). The number of vesicles at indicated distances from the presynaptic membrane
was normalized for synaptic volume, which is defined as the volume enclosed by the presynaptic membrane area and a plane parallel to it
set at a selected distance of 500 nm (synapse area times 500 nm). Significant differences are shown with asterisks (*), representing p  0.05.
Error bars indicate SEM. (D) Dynamics of evoked release during repetitive stimulation at NMJs of control (w1118) and homozygous mth1 mutants.
EJPs were stimulated at 10 Hz for 5 min and recorded from muscle 6 at the indicated [Ca2]e. For each indicated time point, except t  0,
mean amplitudes were obtained from 10 EJP s of at least four larvae. Error bars indicate SEM.
away (within 300–500 nm of a synaptic area) was not bouton nor did we consistently observe other ultrastruc-
tural abnormalities that are typical for an impairmentsignificantly reduced (p  0.2).
To tightly correlate the ultrastructural defects with the of synaptic vesicle recycling (see also Discussion). To
physiologically test whether a significant recycling de-loss in neurotransmitter release, we further examined
whether conditional expression of normal Mth protein fect might limit release in mth mutants, we examined
synaptic transmission during repetitive stimulation be-in mth mutants might also restore normal synaptic size
and/or normal vesicle docking and clustering. As de- cause impaired vesicle recycling usually leads to a dra-
matic depression of EJP amplitudes during prolongedscribed earlier, Mth expression was driven by the heat-
inducible hsp70 promoter. Within 60 min after heat periods of high-frequency stimulation (Delgado et al.,
2000; Fergestad et al., 1999; Verstreken et al., 2002;shock-induced expression of normal Mth protein, we
found a normal density of docked and clustered vesicles Zhang et al., 1998). During high-frequency stimulation
at 10 Hz, control EJPs depressed within 3 s of stimula-at mth1 mutant synapses that was indistinguishable to
control for all examined distances (p  0.05, Figure 7C). tion to75% of their initial amplitude and were thereaf-
ter sustained, while mth1 mutant EJPs showed neitherHowever, heat shock-induced expression did not re-
store the reduced size of synaptic areas in mth1 mutant an initial depression nor fatigue during the sustained
period (Figure 7D). Increasing the stimulation frequencyboutons (Figure 7B). Together, these results suggest
that the smaller number of docked and clustered vesi- to 30 Hz had also no further effects on mth1 mutant
amplitudes, while control responses were further de-cles but not the reduced synaptic size attenuates neuro-
transmitter release at mth mutant NMJs. pressed (not shown).
Since mth mutant release is reduced by 50%, usingThe reduced density of docked and clustered vesicles
at mth mutant synapses could have been caused by a similar stimulation in control and mutant will induce only
50% of the endocytotic activity in mth that is otherwisedefect of vesicle recycling. However, we did not observe
a dramatic reduction in the number of total vesicles per induced in control at the same [Ca2]e. To ensure that
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Figure 8. Mth Overexpression Increases
Evoked Neurotransmitter Release
(A) Typical EJP traces and (B) average EJP
amplitudes from control (w1118) and w1118 lar-
vae expressing Mth presynaptically (D42-
Mth) or postsynaptically (24B-Mth). Postsyn-
aptic expression had no effect. Similar results
were obtained with a second [UAS-Mth]
transgene (a and b). Nerves were stimulated
at 0.2 Hz and EJPs were recorded in the pres-
ence of 0.5 mM [Ca2]e from muscle 6. Mean
EJP amplitudes were taken from 15 re-
sponses from n larvae as indicated for each
genotype. Significant differences are indi-
cated with asterisks (*) representing p 0.05.
Error bars indicate SEM. (C) Typical EJP
traces and (D) average EJP amplitudes re-
corded from control (w1118) and from other-
wise w1118 NMJs expressing Mth without (
hs)
or after heat shock induction (hs) through a
heat-inducible hsp70 promoter (hsp70-Mth).
Larvae were raised at 18C to suppress Mth
expression during development. EJPs were
recorded as above at 22C. Larvae were al-
lowed to recover for 1 hr at 22C after a 1 hr
long heat shock at 35C. No significant differ-
ence was observed between control larvae
in the absence or the presence of a heat
shock (not shown). Significant differences are
indicated with asterisks (*) representing p 
0.05. Error bars indicate SEM.
the limited release in mth1 did not obstruct the detection recorded when a second, independent [UAS-Mth] trans-
gene was expressed presynaptically. EJPs from bothof a recycling defect, we consequently increased the
[Ca2]e to 3 mM for recordings from mth mutants. This overexpressing lines were significantly larger than wild-
type EJPs (p  0.009) but not different from each othermanipulation adjusted mth1 mutant EJP amplitudes to
that of controls at 1 mM [Ca2]e (see also Figure 2F), (p 0.1). In contrast, selective postsynaptic overexpres-
sion of Mth with the 24B promoter in otherwise wild-ensuring that endocytosis is activated by a similar
amount of exocytosed vesicles in both mth mutants and type muscles had no effect on evoked EJP amplitudes
(p 0.4; Figure 8B). In addition, neither pre- nor postsyn-controls. However, even under these conditions release
did not abnormally fatigue in mth1 during the sustained aptic overexpression of Mth consistently affected mEJP
amplitudes and frequency (not shown).period (Figure 7D). Consequently, these results argue
against the possibility that a limited supply of newly To test whether Mth overexpression can also acutely
increase evoked release, we conditionally overexpressedrecycled vesicles constrains transmitter release in mth
mutants. Since mth1 mutant NMJs showed at high Mth in otherwise wild-type larvae with the heat-inducible
hsp70 promoter. In the absence of a heat shock, evoked[Ca2]es the initial fast depression of EJP amplitudes
seen in control, the lack of this initial depression in mth1 EJP amplitudes were increased to 124%9% of control
(Figures 8C and 8D), which is likely due to the leakinessat low [Ca2]es is presumably a consequence of less
release. of the hsp70 promoter. Thirty to sixty minutes after a
single heat shock, EJP amplitudes were increased to
154%  5% of their original value. The EJPs recordedOverexpression of Mth Increases Evoked
Neurotransmitter Release at Larval NMJs after (p  0.002) but not before heat shock (p  0.09)
were significantly different from control. EJPs recordedThe above results demonstrate that a chronic decrease
of Mth activity causes a substantial reduction in quantal before and after heat shock were also significantly differ-
ent from each other (p 0.006), consistent with an acutecontent at larval NMJs. To confirm whether Mth is a
positive regulator of evoked release, we tested whether requirement of Mth protein for neurotransmitter release
at larval NMJs as a positive regulator.the opposite situation, a chronic and/or acute overex-
pression of Mth in wild-type motor neurons, would in-
deed enhance evoked release. Driven by the D42 pro- PMA-Induced Facilitation of Evoked Release
Is Attenuated at mth Mutant NMJsmoter, selective overexpression of normal Mth protein
in the presynaptic motor neuron increased evoked EJP To investigate possible G protein-mediated signaling
mechanisms downstream from Mth, we tested whetheramplitudes to 157% 3% of their normal value (Figures
8A and 8B). Increased EJP amplitudes were consistently Mth might be associated with diacylglycerol (DAG) sec-
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Figure 9. Phorbol Ester-Induced Facilitation of Neurotransmitter Release Is Blocked at mth Mutant NMJs
(A) Representative EJP traces and (B) time course of normalized EJP amplitudes from control and homozygous mth1 before and after application
of 2 M PMA. Nerves were stimulated at 0.2 Hz and EJPs were continuously recorded from muscle 6 at 0.5 mM [Ca2]e. After 1 min, the
recording solution was exchanged by perfusion of solution containing 2 M of the phorbol ester PMA. EJP amplitudes were normalized to
the average of EJP amplitudes recorded 1 min before the application of PMA (t  1). Normalized EJP amplitudes recorded from mth1 were
significantly different from control after 3 min (p  0.05; n  3). Symbols indicate mean  SEM. (C) Mean mEJP amplitudes recorded as
above before (
) and 9 min after () application of 2 M PMA. Significant differences were not observed (p  0.05; n  3). (D) Time course
of normalized EJP amplitudes from control. Recordings were as above except that after 1 min, perfusion was switched to a solution containing
1 M BIS, and after 3 min, perfusion was switched to a solution containing 1 M BIS and 1 M PMA (n  3).
ond messenger signaling. DAG was an apparent candi- channels, thereby prolonging presynaptic depolariza-
tion and Ca2 entry, we analyzed PMA-induced facilita-date because phorbol esters, like phorbol 12-myristate
13-acetate (PMA), have been shown to regulate the size tion in several K channel mutants of Drosophila. How-
ever, PMA-induced facilitation of evoked EJPs wasof a readily releasable vesicle pool, which correlates
with the pool of docked vesicles (Gillis et al., 1996; Schi- similar to control in ShakerKs138, ether-a-gogo1, and slow-
poke4 mutant NMJs (not shown).korski and Stevens, 2001; Stevens and Sullivan, 1998).
In the presence of 0.5 mM [Ca2]e, application of 2 M To examine whether PMA-induced facilitation of re-
lease might be mediated by activation of PKC, we testedPMA increased evoked EJP amplitudes in control to
238%  21% of the original response (Figures 9A and the effects of the PKC inhibitor bisindolymaleimide (BIS),
a staurosporine derivative that inhibits PKC via a binding9B). In contrast, PMA-induced facilitation was absent
at homozygous mth1 NMJs at the same [Ca2]e, indicat- site distant to the DAG binding site (Newton, 1995). Ap-
plication of 1 M BIS alone had no effect on evokeding that Mth signaling is associated with DAG signaling.
However, at higher [Ca2]e of 0.7 mM, PMA slightly facili- EJPs (not shown), and co-application of BIS with PMA
did not inhibit facilitation, even at a suboptimal concen-tated evoked release at mth1 NMJs (not shown), indicat-
ing that Mth is important but not essential for PMA- tration of PMA (Figure 9D). Although this concentration
of BIS had been shown to block PKC-mediated modula-induced facilitation. PMA application did not modulate
mEJP amplitudes in either control or mth1 (Figure 9C), tion of Ca2 currents in larval muscles (Gu and Singh,
1997), we further tested higher concentrations of BIS,confirming that the facilitation is mediated by a presyn-
aptic mechanism. Application of the inactive PMA- as well as sphingosine, a second PKC inhibitor (Hannun
and Bell, 1989). However, neither co-application of uprelated phorbol compound 4-phorbol 12,13-dideca-
noate (4-PPD) had no effect on release in either control to 10 m BIS nor 50 m sphingosine inhibited PMA-
induced facilitation (not shown), suggesting that PKC isor mth1 mutant terminals (not shown). To test whether
PMA facilitates release by inhibiting presynaptic K not essential for PMA-induced facilitation at Drosophila
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NMJs. Further work will be required to elucidate the ionophores induce release by bypassing voltage-gated
Ca2 channels, the 50% reduction of Ca2 ionophore-major DAG-effector protein that mediates PMA-induced
induced release in mth mutants further supports thefacilitation at fly NMJs.
idea that Mth regulates a step of exocytosis. The im-
paired step could have been a step in the Ca2 signalingDiscussion
pathway, like the Ca2 sensor, or a step in vesicle traf-
ficking and/or maturation. The Ca2 sensor of vesiclePresynaptically Localized Mth Acutely Regulates
fusion is apparently a major determinant for the Ca2Neurotransmitter Release at Larval NMJs
cooperativity of release (Littleton and Bellen, 1994),of Drosophila
which is defined by the relationship between exocytosisOur analysis provides insights into a significant regula-
and [Ca2]e and/or [Ca2]i (Bollmann et al., 2000; Dodgetory role of Mth in neurotransmitter release at excitatory
and Rahamimoff, 1967; Schneggenburger and Neher,glutamatergic NMJs of Drosophila. The50% reduction
2000). Mutations in mth did not impair the Ca2 coopera-of synaptic transmission at Mth-deficient synapses
tivity and are thus unlikely to impair the Ca2 sensor ofcould have been caused by an abnormal pre- or a post-
evoked release.synaptic mechanism. In mth mutants, the defect in syn-
To address a possible defect in vesicle trafficking,aptic transmission is intrinsic to evoked neurotransmit-
we conducted an ultrastructural analysis using serialter release for two reasons: firstly, the defect must be
sections to spatially reconstruct synapses in presynap-presynaptic, as indicated by normal amplitudes of uni-
tic type 1B boutons of larval NMJs. This analysis revealedtary quantal release events (mEJPs) and normal electric
that the size of synaptic areas and the density of associ-properties of the muscle. Secondly, the defect must be
ated docked (0 nm) and clustered (50–300 nm) vesiclesdownstream of action potential excitation or propaga-
were reduced in mth. The reduction in docked and clus-tion because decreased release elicited by action poten-
tered vesicles, as well as the reduction in synaptic sizetials was similar to that observed for electrotonically
correlated well with the reduction in evoked release,elicited release.
raising the question, which of these ultrastructural de-The lack of any significant gross morphological abnor-
fects is causal for impaired neurotransmitter release.malities at mth mutant NMJs and the embryonic nervous
Three considerations suggested that the vital effectssystem pointed toward the possibility that the presynap-
of Mth on transmitter release are likely related to vesicletic defect might be due to a physiological but not to
docking and clustering rather than to synaptic size.developmental abnormality. This idea was confirmed by
Firstly, changes in the density of vesicle docking anda conditional rescue of EJP amplitudes in mth mutants
clustering may easily occur within minutes while changes60 min after heat shock-induced expression of normal
in synaptic size likely occur on a slower time scale (proba-Mth protein, which excluded the possibility that Mth is
bly hours). Secondly, previous work has shown that PMArequired within a fixed time frame during early synapto-
signaling, which appears to be associated with Mth sig-genesis.
naling, increases the size and the refilling of the readilyFurther transgenic expression studies then showed
releasable vesicle pool (Gillis et al., 1996; Stevens andthat the presynaptic defect at Mth-deficient synapses
Sullivan, 1998). Changes in vesicle docking are likely towas clearly due to a loss of Mth protein activity in the
affect such a pool. Thirdly, our previous work leads uspresynaptic motor neuron because pre- but not post-
to think that there is no strong correlation between syn-synaptic expression of normal Mth protein at mth mutant
aptic size and vesicular release (Stewart et al., 1996).
NMJs restored normal evoked release. This rescue not
Synapses in type 1B boutons of Drosophila NMJs are aonly correlated the abnormal release of neurotransmitter
bit larger than in 1S boutons, but release less transmitterwith mutations in the mth gene but also suggests that per synapse at low frequency (Atwood et al., 1997).
endogenous Mth protein is normally expressed in the To test the above assumption, we examined the syn-
presynaptic motor neuron and acts cell autonomously. aptic ultrastructure of mth mutants after conditional res-
The rescue also refutes the possibility that Mth might cue of transmitter release and found that the defect in
signal from postsynaptic muscle and/or glia. The local- vesicle docking and clustering but not the defect in
ization of GFP-tagged Mth in the presynaptic membrane synaptic size was restored 60 min after heat shock in-
of synaptic boutons at NMJs supports a putative local- duction of normal Mth protein. Consequently, normal
ization of Mth in presynaptic terminals. However, quantal release can occur despite a reduction in synap-
whether Mth is localized intra- and/or extrasynaptically tic size, and synaptic size is not tightly linked to transmit-
as well as whether Mth acts directly and/or indirectly ter release. In regard to Mth function, the conditional
on the synaptic machinery remains to be resolved. rescue of transmitter release together with the rescue
of docked and clustered vesicle densities suggests that
Mth Regulates a Step Associated with Docking a smaller number of docked and/or clustered vesicles
and Clustering of Vesicles at Release Sites attenuates neurotransmitter release at mth mutant
To define the presynaptic function of Mth, we systemati- NMJs. Thus, Mth-mediated adjustments in the size of
cally examined various mechanisms of neurotransmitter the docked and/or clustered vesicle pool but not the
release in mth mutants. Fluo4 imaging of relative cyto- regulation of synaptic size are vital for normal transmitter
solic Ca2 levels in presynaptic boutons of mth mutant release.
NMJs revealed normal levels of Ca2 entry/extrusion, Since a smaller number of docked and/or clustered
indirectly indicating that an impaired step of exocytosis vesicles attenuates neurotransmitter release at mth mu-
tant NMJs, the question arose whether the reducedbut not of Ca2 entry might reduce release. Since Ca2
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number of vesicles is caused by an impaired mechanism function of PMA/DAG-mediated signaling, which be-
sides other functions has been shown to control theof docking and/or clustering per se, or alternatively, by
a defect in vesicle recycling. A recycling defect is ex- size and refilling of a readily releasable vesicle pool
(Gillis et al., 1996; Stevens and Sullivan, 1998). Moreover,pected to reduce the overall number of vesicles in a
synaptic bouton, which then might gradually reduce the the proposed role of Mth adjusting the density of docked
and clustered vesicles at synaptic sites is consistentnumber of docked and clustered vesicles. However, the
significant decrease of docked and clustered vesicles with the proposed effects of PMA/DAG on the readily
releasable vesicle pool, which apparently correlates with(0–300 nm) in mth mutants is unlikely a consequence of
a defect in vesicle recycling for several reasons: firstly, the pool of docked vesicles (Schikorski and Stevens,
2001). However, in contrast to other secretion systemswe did not observe a dramatic decrease in the density
of the total vesicle pool per bouton. Secondly, in the (Stevens and Sullivan, 1998), it seems unlikely that PKC
has a major role in DAG-mediated facilitation of releasecase of a recycling defect, the reduction of cytoplasmic
vesicles is expected to be actually worse than the reduc- at fly NMJs, since commonly used PKC inhibitors, like
BIS and sphingosine, did not block PMA-induced facili-tion of docked vesicles (Koenig et al., 1989; Verstreken
et al., 2002). However, in mth mutants, the opposite is tation.
The Ca2-dependent block of PMA-induced facilita-the case. The density of vesicles up to 300 nm from
synaptic sites was significantly reduced but not the den- tion associates DAG signaling with Mth function but is
nevertheless unconventional. Since DAG signaling oc-sity of vesicles further away (300–500 nm). Thirdly, the
p values for the observed vesicle densities were lowest curs downstream of GPCR-mediated signaling, one
might expect that PMA would counteract the defectfor the density of docked vesicles and highest for vesi-
cles furthest away. Fourthly, no further ultrastructural induced by loss of Mth activity. Since PMA-induced
facilitation is largely attenuated in mth, it is thus possibleabnormalities were observed that are typically seen in
association with a defect in synaptic vesicle recycling that a DAG signaling pathway could essentially control
the activity of Mth-mediated signaling. In this scenario,at larval NMJs, including large membrane invaginations,
“coated pits,” increased numbers of cisternae, and DAG signaling would be located upstream of Mth activ-
ity, which is reasonable given the divergence and con-coated vesicles (Delgado et al., 2000; Fergestad et al.,
1999; Koenig and Ikeda, 1989; Koenig et al., 1998; Stim- vergence of cross-talk between GPCR-mediated signal-
ing pathways (Gudermann et al., 1996). However, manyson et al., 2001; Verstreken et al., 2002; Zhang et al.,
1998). Fifthly, evoked release did not abnormally fatigue GPCR-mediated signaling cascades require not only
physical coupling of associated G proteins, but also theduring prolonged repetitive stimulation at 10–30 Hz, a
frequency at which the rate of endocytosis becomes clustering of the targeted downstream effector protein
as, for example, in phototransduction (Bahner et al.,rate-limiting for exocytosis (Delgado et al., 2000). Conse-
quently, we suggest that Mth regulates a mechanism of 2000). This opens the possibility that proper Mth signal-
ing might require clustering of an unidentified downstreamdocking and/or clustering synaptic vesicles at presyn-
aptic release sites. DAG-effector protein in a common protein complex. Al-
though we have raised these contrasting possibilities,
to settle which one is correct will require further work.Mth Signaling Is Associated with the Second
Messenger Diacylgycerol
Our genetic analysis of Mth function suggests that pre- Does Mth Link Neurosecretion and Life Span?
Mutations in mth raise an intriguing but perplexing rela-synaptically localized Mth acutely upregulates the num-
ber of docked and clustered vesicles at active sites, and tionship between excitatory neurotransmission and
aging. Behaviorally, the mth1 mutation extends life spanin turn upregulates the efficiency of evoked release. This
interpretation is mainly supported by the reduction of and increases stress resistance in Drosophila. Synapti-
cally, mth1 reduces excitatory neurosecretion at larvalrelease in loss-of-function mutants, the rescue of re-
lease by presynaptic and conditional Mth expression in NMJs by about half. However, the connection between
the cellular deficit and the behavioral gain remains aloss-of-function mutants, and the increase of evoked
release by presynaptic and conditional expression of puzzle. Our study provides no evidence whether the
reduction of synaptic activity in larval motor neuronsMth in otherwise wild-type larvae. Since Mth is a mem-
ber of the GPCR superfamily (Brody and Cravchik, 2000), has bearing on extending life span in the adult fly.
In general, Mth could have multiple functions regulat-it is likely to regulate but not mediate steps of release.
But what is then the signaling cascade associated with ing neurosecretion, stress resistance, and life span by
independent pathways. Alternatively, Mth might directlyMth signaling?
We started to dissect Mth signaling by testing second regulate only one or two mechanisms; the regulation
of neurosecretion and/or stress resistance could thenmessenger systems that could be downstream of Mth
function and found that PMA-induced facilitation of re- passively reflect on life span. Stress resistance in motor
neurons apparently is a critical determinant of aging, aslease was essentially blocked at mth mutant nerve termi-
nals in the presence of low [Ca2]e and greatly attenuated indicated by the overexpression of human Superoxide
Dismutase in motor neurons, extending life span in Dro-at higher [Ca2]es. The Ca2-dependent block of PMA-
induced facilitation at mth mutant NMJs suggests an sophila (Parkes et al., 1998). In addition, there is also
evidence that neurosecretion can affect life span asacute requirement of Mth in a PMA/DAG-mediated sig-
naling pathway that controls neurotransmitter exo- hypomorphic mutations in C. elegans genes of the neu-
rosecretory proteins unc-13, unc-64 (Syntaxin), and unc-cytosis. This finding is consistent with the proposed
synaptic function of Mth and the suggested synaptic 31 (CAPS) promote longevity (Ailion et al., 1999; Gems
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at dilutions of 1/10 in PBS buffer for monoclonal supernatants ofand Riddle, 2000). Thus, impaired neurosecretion could
1D4 (van Vactor et al., 1993), 22C10 (Hummel et al., 2000; Zipurskytheoretically increase the life span of mth mutants. How-
et al., 1984), 21A6 (Zipursky et al., 1984), anti-Eve (Doe et al., 1988),ever, expression of Mth with the neuron-specific elav
ab49 (Zinsmaier et al., 1990), and 8C5 (Zipursky et al., 1984), in the
promoter did not affect the increased longevity of adult presence of 5% normal goat serum. Secondary antibody solutions
mth mutant flies (not shown). Since the proper levels of contained a 1/300 dilution of Cy3Tm-conjugated goat anti-mouse
IgG (Jackson ImmunoResearch, West Grove, Pennsylvania). Cy3-Mth expression for normal life span are not known, this
conjugated anti-horseradish peroxidase (HRP; Jackson ImmunoRe-result neither supports nor excludes a relation between
search) was used at 1/200. Stained embryos/larvae were mountedsynaptic transmission and life span.
with Vectashield and confocal images were taken using the same
parameters for control and mutants.
Conclusion
In this study, we demonstrate that the putative GPCR Electron Microscopy
Mth upregulates evoked neurotransmitter exocytosis at Dissected larvae were rapidly fixed for electron microscopy using
standard procedures (Renger et al., 2000). Small pieces of tissueglutamatergic NMJs of Drosophila, presumably by con-
containing muscles 6 and 7 in abdominal segments 3 and 4 weretrolling the density of docked and clustered vesicle at
dissected from fixed specimens for further processing. Embedding,presynaptic release sites.
serial sectioning, and reconstruction of boutons from serial sectionsSince Mth is an orphan receptor, it is intriguing to
followed procedures of previous studies (Atwood et al., 1993).
speculate that neuroexocytosis is apparently controlled Counts of synaptic vesicles in digital images were obtained using
to a significant degree by an extracellular factor whose NIH Image software.
nature and origin is not known. The ligand activating
Mth could mediate a long-range signal or could originate Electrophysiology
Both voltage-clamp and current-clamp recordings were made atfrom the postsynaptic cell and be part of a homeostatic
the indicated temperatures from muscle 6 in the anterior ventralfeedback loop between the pre- and postsynaptic cell.
abdomen (primarily abdominal segment A3) of climbing third instarAdditional components of this pathway, however, must
larvae raised at 25C essentially as described earlier (Dawson-Scully
be identified before we can fully understand how this et al., 2000).
mechanism regulates the efficacy of excitatory synaptic Dissections were made in Ca2-free haemolymph-like (HL-3) solu-
transmission, and whether and how these functions may tion (Stewart et al., 1994) unless otherwise indicated. The composi-
tion for HL-3 is (in mM): NaCl, 70; KCl, 5; MgCl2, 20; NaHCO3, 10;relate to a modulation of life span and stress resistance.
Trehalose, 5; HEPES, 5; Sucrose, 115. The muscles were identified
in accordance with Johansen et al. (1989). For recordings, HL-3Experimental Procedures
solution was supplemented with CaCl2 as indicated and continu-
ously superfused over the preparation using a gravity feed systemGenetics and Molecular Analysis
coupled to a vacuum outlet. Sometimes, modified standard solutionFlies were raised on standard medium (http://flystocks.bio.indiana.
was used as an alternative recording solution (Broadie and Bate,edu/bloom-food.htm) with dry yeast at 22C –25C. For genotyping,
1993). To elicit a postsynaptic response, the segmental nerve waswe used mutant lines kept over TM3 Ser GFP, TM3 P{ftz.lacZ}, TM6
stimulated (0.1 ms pulse duration) at 2.5 times the stimulus ampli-Tb, or TM3 Ser y balancer chromosomes. Precise and imprecise
tude required for a threshold response. Voltage signals were ampli-excision lines were generated by excision of the original P insertion
fied with an Axopatch 1D amplifier (Axon Instruments, Foster City,P{lacW} of the mth1 allele (Lin et al., 1998). The following strains
California), filtered at 1 kHz, and digitized at 5 kHz directly to diskwere used for analysis: mth1, mthR3, mth6, and as control white1118
with a DigiData 1200 interface and pClamp 6.0 software (Axon Instru-to match the genetic background of mth mutant alleles.
ments). Current signals were amplified with an Oocyte Clamp OC-Breakpoints of the mth6 deletion and precise excisions were
725C (Warner Instrument Corp., Hamden, Connecticut), filtered atmapped in detail by PCR amplification of flanking genomic DNA
1 kHz, and digitized at 20 kHz directly to disk with a DigiData 1200using the primers 5-AATTCTAGAACGGAACTTTCTTTCGCCACTT
interface and pClamp 6.0 software (Axon Instruments). Evoked re-TGAC-3 (primer 44.X) and 5-CATGCCCCAAGCATAGGTATTG-3
sponses were analyzed with pClamp 6.0 software (Axon Instru-(44.5). The amplified DNA was cloned into pCR2.1 (Invitrogen, Carls-
ments). Spontaneous release was analyzed using the Mini Analysisbad, California) and sequenced by primers flanking the cloning site.
Program (Synaptosoft Inc., Leonia, New Jersey). Plots were madeFor the Northern analysis, mRNA samples were extracted from adult
using Origin 4.0 (Microcal Software Inc., Northampton, Massachu-fly heads using MicroPoly(A)Pure mRNA Purification Kit (Ambion).
setts).Radiolabeled probes were prepared with the Prime-It Random
Macro-patch electrodes had an inner diameter of 4–5 m andPrimer Labeling Kit (Stratagene) by using full-length mth and tubulin
were beveled at a 45 angle with a Sutter BV-10 MicroelectrodecDNA.
Beveler (Sutter Instrument Co, Novato, California). Type 1b boutonsThe [UAS-Mth] construct was generated by subcloning full-length
(identified by size) were visualized with DIC optics on an OlympusMth cDNA (Lin et al., 1998) into the pUAST vector (Brand and Perri-
BX50WI upright microscope (Hitech Instruments, Edgemont, PA)mon, 1993). For the GFP-tagged version, a GFP cDNA was added
using a 40X water immersion lens. The macro-patch electrode wasin-frame to the second to last base triplet of Mth protein C-terminal.
lowered over a single bouton forming a loose seal. Cut nerves wereFor P element-mediated germline transformation, constructs were
stimulated with a suction electrode at 0.2 Hz (stimulus was 5 V, 0.1injected into embryos with the genotype w1118; P{2-3} Ki/. Two
ms, threshold was 1.5 V). Voltage signals from the boutons wereindependent insertion lines were selected for analysis and were
amplified using an Axopatch 1D amplifier (Axon Instruments, Unioncrossed out into a w1118 control or into a w1118; mth1 mutant genetic
City, California) filtered at 1 kHz and digitized at 20 kHz with abackground. To drive expression of Mth in a mutant background,
Digidata 1200 interface and pClamp6 software (Axon Instruments).mth6 mutant lines were constructed by standard crosses or recom-
bination carrying a [hsp70-Gal4], [D42-Gal4], or [24B-Gal4] trans-
gene (Davis and Goodman, 1998; Parkes et al., 1998). Calcium Imaging Procedures
Loading and Ca2 imaging of nerve terminal boutons with the cal-
cium indicator Fluo-4 AM were carried out as described (Dawson-Immunostaining
Embryos were collected and stained following standard methods. Scully et al., 2000) with one exception. We used 10 M of the L type
Ca2 channel blocker Nicardapine (Sigma, St. Louis, Missouri) toBriefly, the chorion was removed with bleach, the embryos fixed
in 4% paraformaldehyde PBS buffer, and the vitelline membrane prevent muscle contraction. Nicardapine had no effect on calcium
signals in presynaptic boutons under the described conditions. Ca2removed with methanol. Larval stainings were done essentially as
described earlier (Bronk et al., 2001). Mouse antibodies were used signals were recorded from motor nerve terminals innervating mus-
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cle 6 or 7. Imaging was performed on an upright microscope (Nikon, Munc13-1 is essential for fusion competence of glutamatergic syn-
aptic vesicles. Nature 400, 457–461.Optiphot-2) with a BioRad MRC 600 confocal laser scanner and a
40	 (0.55 nA) Nikon water immersion objective. The 488 nm excita- Bahner, M., Sander, P., Paulsen, R., and Huber, A. (2000). The visual
tion line of the argon laser was attenuated to 1% of its maximum G protein of fly photoreceptors interacts with the PDZ domain as-
power. sembled INAD signaling complex via direct binding of activated
For Fluo-4 imaging, emission was monitored through a low-pass G(q) to phospholipase C. J. Biol. Chem. 275, 2901–2904.
optical filter with a cutoff at 515 nm. The pinhole of the photomulti-
Bear, M.F. (1996). A synaptic basis for memory storage in the cere-
plier tube was fully open to allow maximum sensitivity. Selected
bral cortex. Proc. Natl. Acad. Sci. USA 93, 13453–13459.
boutons were imaged consecutively (30 times each time trial) before,
Bittner, M.A., Krasnoperov, V.G., Stuenkel, E.L., Petrenko, A.G., andduring, and after trains at the different frequencies of stimulation.
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